Introduction
In February 2014, the Global Precipitation Measurement (GPM) satellite was launched successfully and started observing global precipitation between 65°S and 65°N using the first spaceborne Dual-frequency Precipitation Radar (DPR, Hou et al. 2014) . GPM/DPR observes high resolution three-dimensional rain echoes with Ku-band (13.6 GHz) and radars. GPM/ DPR follows the Tropical Rainfall Measuring Mission (TRMM)'s Ku-band Precipitation Radar (PR) launched in November 1997 (Kummerow et al. 1998) . The major role of GPM/DPR is to provide training data for radiometers of the constellation satellites of the GPM mission. The constellation satellites cover 80% of the globe in 3-hours and play a major role in estimating global precipitation. Therefore, GPM/DPR would improve near-real-time global precipitation products such as the Global Satellite Mapping of Precipitation (GSMaP; Ushio et al. 2009 ). Additionally, the three-dimensional radar echoes from GPM/DPR can be used to evaluate and calibrate cloud microphysics parameterizations in numerical simulation models. Masunaga et al. (2008) and Roh and Satoh (2014) used three-dimensional radar reflectivity from TRMM/PR to evaluate model's cloud microphysics for the Madden-Julian Oscillation (MJO) and deep convective systems in the tropical regions.
This study aims to compare the GPM-derived precipitation data with other precipitation products and a numerical simulation. It is among our interests how the precipitation data from GPM/ DPR are compared with other precipitation data. In this study, we compare the GPM/DPR precipitation data with simulated precipitation from the Nonhydrostatic Icosahedral Atmospheric Model (NICAM; Tomita and Satoh 2004; Satoh et al. 2008; Satoh et al. 2014 ) at a 3.5-km horizontal resolution. Precipitation products derived from GPM/GMI (GPM Microwave Imager) and GSMaP are also compared. This study is the first comparison of the GPM-derived precipitation with simulated precipitation by numerical models. Using NICAM, a global model, we can make a global comparison. Based on the comparisons, we discuss the possible use of the GPM-derived precipitation data for numerical weather prediction (NWP) through data assimilation.
Section 2 describes the precipitation datasets used in this study, and Section 3 demonstrates the comparisons of GPM/DPR with other precipitation products. Finally, Section 4 provides the summary. Kubota et al. (2014) , and (b) six level-2 products from GPM/DPR, in which the three dark-blue ones are used in this study. system passing over Japan (supplemental Fig. S1 ). Associated with the eastward motion of the low pressure system, JMA rain gauges observed precipitation over entire Japan on 26 May 2014. Heavy precipitation more than 30 mm h −1 was observed at several rain gauges in South−Middle prefectures (Kagoshima, Kochi and Shizuoka) on the Pacific coast.
The spatial distributions of the estimated surface precipitation are shown in Fig. 3 . The spatial pattern of the frontal precipitation measured by GPM/GMI agrees generally well with those of NICAM and GSMaP_NRT (Fig. 2a, b, c) . KuPR/NS, DPR/ NS and DPR/HS have narrower swath widths than GPM/GMI (Fig. 3d, e, f) . Weak surface precipitation (less than 0.1 mm h −1 ) computed by NICAM does not appear in GSMaP_NRT. Also, the spatial precipitation patterns of the NICAM simulation are slightly different from those of GSMaP_NRT ( Fig. 2b, c; e.g., the Kanto Plain, south of Kyushu and Shikoku islands). Lien et al. (2013) successfully assimilated global surface precipitation and improved dynamical fields, resulting improvements of medium-range NWP. The spatial precipitation pattern of NICAM could be improved by assimilating GSMaP_NRT. GSMaP_NRT is expected to be improved by modifying its algorithm using GPM/DPR.
The vertical sections of the radar reflectivity measured by GPM/DPR and computed by NICAM-Joint-Simulator are shown in Fig. 4 . The vertical sections are along the black broken lines between A and B in Fig. 3 . The lines between A and B are divided into 200 segments so that a segment corresponds to the horizontal resolution of the NICAM simulation (i.e., 3.5-km). The nearestneighbor method is used for the horizontal interpolation from the GPM/DPR and NICAM grid points to those segments, so that the nearest grid point values are used at each segment. The vertical profiles are interpolated linearly from NICAM to GPM/DPR grids. As shown in Fig. 4a, b , c, the KuPR/NS, DPR/NS, and DPR/ scan), HS (high-sensitivity scan), and MS (matched scan). The inner swath of KuPR (from the 13 th to 37 th scan positions) and KaPR swath (from the 1 st to 25 th scan positions) are measured synchronously to match the KuPR and KaPR beams (cf. Kubota et al. 2014 for more details). In this study, we use the surface precipitation rate and three-dimensional radar reflectivity from the level-2 single-and dual-frequency products from GPM/DPR version 03B. Out of the six level-2 products from GPM/DPR (Fig.  1b) , we use KuPR/NS, DPR/NS and DPR/HS. The outer swath of DPR/NS is exactly identical to KuPR/NS. Hereafter, "GPM/DPR" refers to the three data.
Reflectivity data "zFactorCorrected" with attenuation corrections are used. We also use estimated surface precipitation data from the GPM/GMI version 03C and the GSMaP Near Real Time (GSMaP_NRT) products. The GPM/GMI precipitation product has an 885-km swath width. GSMaP_NRT provides hourly precipitation at a spatial resolution of 10 km. GPM/GMI is not used in this version of GSMaP_NRT.
To compare the GPM-derived precipitation with simulated precipitation globally, we perform a 48-hour simulation using NICAM at a 3.5-km horizontal resolution. In this study, the NICAM single-moment 6-class bulk microphysics scheme (NSW6) is used. NSW6 considers water vapor, cloud water, rain, cloud ice, snow and graupel as hydrometeors (Tomita 2008) . The initial 24-hour simulation is assumed to be a spin-up period, and the second half 24-hour data are used for comparison. The NICAM simulation is performed without cumulus parameterizations . The initial condition is linearly interpolated from the 1°−by−1° National Centers for Environmental Prediction (NCEP) Final Operational Global Analysis (FNL) data. Radar reflectivity at Ku-band and Ka-band are computed by the Joint-Simulator (Hashino et al. 2013 ) using three-dimensional mixing ratios of rain, snow and graupel from the NICAM simulation. Attenuation is not considered in the simulated reflectivity. Figure 2 shows the spatial distributions of the estimated 12-hour surface precipitation from GPM/GMI, DPR/NS, GSMaP_ NRT, and NICAM from 0000 to 1200 UTC 26 May 2014. GPM observes an instantaneous precipitation rate at the timing of passage. To obtain the 12-hour surface precipitation for GPM/ GMI and DPR/NS, the observed instantaneous precipitation rate is assumed to persist for the 12-hour period. The surface precipitation for GSMaP_NRT uses the average of hourly products from GSMaP_NRT over the 12-hour period excluding missing values. If a grid has more than 10 missing values in the 12-hour period, the datum is assumed to be missing and greyed out in Fig. 2c .
The orbit of the GPM satellite is between 65°S and 65°N, and GPM/GMI has a larger swath width than DPR/NS. Compared to a single GPM satellite observation, GSMaP_NRT covers a larger area of the globe between 60°S and 60°N. NICAM and GSMaP_ NRT have generally similar precipitation patterns in the storm track regions (e.g., the frontal precipitation patterns surrounded by the red-dashed rectangles in Fig. 2c, d) . However, the detailed precipitation patterns in the tropical regions from NICAM are considerably different from those of GSMaP_NRT (e.g., precipitations over Amazon and Central Africa in Fig. 2c, d ). This is not surprising if we think about the tropical convective predictability since we plot only beyond 24 hours of the NICAM simulation. Toth and Kalney (1993) pointed out that the errors of convective modes grow much faster (within 1 hour) than those of baroclinic modes. Therefore, tropical convections would have little predictability after a 24-hour simulation, whereas mid-latitude frontal systems are still predictable. In the following analysis, we focus on the frontal precipitation events in the storm track regions.
Results and discussions

Case study
In this section, we focus on a frontal precipitation event over Japan (125°E−150°E, 25°N−50°N) on 26 May 2014. The Japan Meteorological Agency (JMA) synoptic weather maps at 0000 UTC, 26 and 27 May 2014 indicate a synoptic low pressure HS data show similar three-dimensional patterns. Reflectivity of KuPR/NS and DPR/NS at the melting layer are slightly stronger than that of DPR/HS.
The bright band heights of GPM/DPR agree reasonably well with the NICAM 0°C height. In this frontal precipitation event, the NICAM 0°C height is slightly higher than the bright band heights of GPM/DPR. The vertical temperature profile of NICAM may be adjusted by the bright band heights of GPM/DPR. Satellite-derived bright band heights are not commonly used in data assimilation of numerical models. A recent study showed improvements of global NWP by assimilating the bright band height data from TRMM/PR (T. Enomoto 2014, personal communications).
The Joint-Simulator converted mixing ratios of snow and graupel (above 0°C height) to be weaker radar reflectivity than that of rain (Fig. 4d, e, f) . The radar echo tops of GPM/DPR, however, are still lower than that of NICAM-Joint-Simulator. The higher radar echo tops of NICAM-Joint-Simulator may be caused by two possible reasons: NICAM's overestimation of mixing ratios of snow and graupel, or the Joint-Simulator's overestimation of simulated reflectivity. Fudeyasu et al. (2008) ) are shown in (f). The vertical sections are along the black broken lines between A and B in Fig. 3 . The horizontal and vertical axes represent the segment and altitude (m), respectively. A segment corresponds to 3.5-km, the NICAM resolution. The black and red broken lines represent bright band heights of GPM/DPR and 0°C heights of the NICAM simulation, respectively. vertical structure of a tropical storm between an observation by the TRMM microwave imager (TRMM/TMI) and a NICAM 7-km simulation. They pointed out that the simulated hydrometeors are systematically higher than the observation. This suggests that the overestimation of mixing ratios of snow and graupel may be a common bias of NICAM and can be a prevailing reason for the higher echo tops of NICAM-Joint-Simulator.
Although GPM/DPR and NICAM-Joint-Simulator show generally similar three-dimensional radar reflectivity in the frontal precipitation in Fig. 4 , GPM/DPR captures finer precipitation structures than NICAM. For example, high radar reflectivity greater than 35 dBZ are captured at around the 30 th and 135 th segments. These are considered to correspond to convections in the frontal precipitation. NICAM also shows convections at around the 125 th and 150 th segments, but these are clearly wider than those of GPM/ DPR. This implies that the 3.5-km resolution may still be insufficient to resolve convections in the frontal precipitation.
We also compare two additional frontal precipitation cases over the North Atlantic Ocean (40°W−15°W, 45°N−70°N) and Southwestern Indian Ocean (40°E−65°E, 50°S−25°S). Their surface precipitation patterns and vertical structures are shown in supplement Figs. S2−S5 (the North Atlantic Ocean case: Figs. S2, S3, the Southwest Indian Ocean case: Figs. S4, S5 ). The previous discussions are still the case in the two additional frontal precipitation cases. Namely, we find reasonable agreements between GPM/DPR and NICAM for the surface precipitation patterns and bright band/0°C heights. The NICAM echo tops are higher than those of GPM/DPR, and GPM/DPR shows narrower convections than NICAM. The radar echo tops of NICAM-Joint-Simulator are systematically higher than those of GPM/DPR in all three cases. This suggests that NICAM may have a common bias of overestimating mixing ratios of snow and graupel.
Statistical analyses
The findings from the case study are further investigated by additional two statistical analyses: contoured frequency by altitude diagrams (CFADs) and scatter diagrams. Figure 5 shows the CFADs for GPM/DPR and NICAM-Joint-Simulator. Data in the storm track regions (30°N−65°N and 30°S−65°S) are used. Only inner swath data are used for KuPR/NS and DPR/NS to investigate the exact difference. As mentioned in Section 2, the outer swath of DPR/NS is exactly identical to KuPR/NS. Horizontal and vertical resolutions are chosen to be 1 dBZ and 250 m, respectively. DPR/HS (Ka-band) is found to be noisy around the minimum detectable signal of 12 dBZ, therefore, CFADs are shown for reflectivity ≥ 15 dBZ. For KuPR/NS and DPR/NS (Kuband), CFADs are shown for reflectivity ≥ 18 dBZ, the minimum detectable signal.
Figures 5a, b, c, d, e show similar patterns below 3-km height. However, above 4-km height, NICAM-Joint-Simulator tends to overestimate reflectivity than GPM/DPR. This agrees with the findings from the case study. This is further corroborated by Fig.  6 , the occurrences of reflectivity ≥ 18 (Ku-band) and 15 (Ka-band) dBZ. Figure 6 clearly shows higher occurrences of NICAM-JointSimulator (blue and red curves) than those of GPM/DPR (cross marks, open circles, and closed triangles) between 5-km and 13-km height. Roh and Satoh (2014) investigated the CFADs over the tropical central Pacific between TRMM/PR and a NICAM simulation with the same NSW6 microphysics scheme. They reported that the NICAM simulation overestimated radar reflectivity from the surface to 10-km in deep convections. Masunaga et al. (2008) showed that NICAM with a 3-category single-moment bulk microphysics scheme (Grabowski, 1998) tended to overly produce snow in deep convections compared to TRMM/PR in an MJO case. Although the two previous studies focused on deep convections over the tropical regions, their findings generally agree with this study. Roh and Satoh (2014) additionally reported that the biases of the simulation were improved by calibrating cloud microphysics parameters. It is a subject of future research to investigate if the calibrated cloud microphysics parameters by Roh and Satoh (2014) would improve the patterns of CFADs in storm track regions.
The CFADs of KuPR/NS and DPR/NS show almost identical patterns (Figs. 5a, b) . By contrast, DPR/HS has more occurrences of reflectivity ≤ 18 dBZ above 4-km height. This may be because the high-sensitivity scan (HS) aims to detect weak rain and snow signals. This is an improvement from TRMM/PR since the single KuPR measurement is ineffective to detect weak rain and snow. DPR/HS shows very few echoes with reflectivity ≥ 45 dBZ, unlike KuPR/NS and DPR/NS. Grid counts with reflectivity ≥ 15 dBZ for DPR/HS are consistently smaller than those with reflectivity ≥ 18 dBZ for KuPR/NS and DPR/NS (Fig. 6 ). DPR/HS may be relatively ineffective to detect strong precipitation compared to KuPR/NS and DPR/NS. Figure 7 shows scatter diagrams of bright band/0°C heights in the storm track regions between NICAM and GPM/DPR. It is clear that the NICAM 0°C height corresponds well to the bright band heights of KuPR/NS and DPR/NS (Figs. 7a, b) . The correlation coefficients exceed 0.90 for both KuPR/NS and DPR/NS. The regression lines suggest that NICAM have slightly higher 0°C height than the bright band heights of KuPR/NS and DPR/NS. This generally agrees with previous studies by Harris et al. (2000) and Awaka et al. (2009) who reported that the bright band height of TRMM/PR is lower than 0°C heights of the NCEP/National Center for Atmospheric Research (NCAR) reanalysis (Kalnay et al. 1994) and NCEP/Department of Energy (DOE) reanalysis 2 (Kanamitsu et al. 2002) data by 300−900 m.
By contrast, the scatter diagram for DPR/HS (Fig. 7c) shows a lower coefficient than the other two. The number of detected bright band heights for DPR/HS is much lower than the other two.
This suggests that KuPR/NS and DPR/NS be more useful to detect the bright band height in the storm track regions than DPR/HS. In fact, Hardaker et al. (1995) and Khajonrat and Chandrasekar (2008) suggested that a peak of radar reflectivity related to a bright band is less distinct at Ka-band than at Ku-band. Moreover, the vertical resolution of DPR/HS (500 m) is coarser than those of KuPR/NS and DPR/NS (250 m). These lead to the general difficulty in detecting the bright band heights for DPR/HS.
Summary
This study compares for the first time the GPM/DPR precipitation with other satellite-derived products (GSMaP_NRT and GPM/GMI) and simulated precipitation by the 3.5-km NICAM simulation. We focused on the three frontal precipitation cases in the storm track regions, where the NICAM surface precipitation agrees generally well with the GSMaP precipitation. The surface precipitation patterns of GPM/DPR are similar to the other precipitation products. The bright band heights and three-dimensional radar reflectivity of GPM/DPR generally agree with the corresponding variables from NICAM and the Joint-Simulator. The radar echo tops of GPM/DPR are systematically lower than that of NICAM-Joint-Simulator, suggesting that NICAM may overestimate mixing ratios of snow and graupel. Also, GPM/DPR captures smaller convections in the frontal precipitation than the NICAM 3.5-km simulation. These findings from the case study are also corroborated by the statistical analyses. The general agreement of surface precipitation patterns between GPM/DPR and NICAM simulation encourages a possible use of the GPM-derived precipitation data toward NWP through data assimilation. Figure S1 : JMA Synoptic weather maps at 0000 UTC, 26 (left) and 27 (right) May 2014. Figure S2 : As in Fig. 3 but over the North Atlantic Ocean. Figure S3 : As in Fig. 4 but the vertical sections are along the black broken lines in Fig. S2 . Figure S4 : As in Fig. 3 but over the Southwestern Indian Ocean. Figure S5 : As in Fig. 4 but the vertical sections are along the black broken lines in Fig. S4 . 
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